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Abstract
We consider, in a completely model-independent way, the transfer of energy between the com-
ponents of the dark energy sector consisting of the cosmological constant (CC) and that of relic
neutrinos. We show that such a cosmological setup may promote neutrinos to mass-varying par-
ticles, thus resembling a recently proposed scenario of Fardon, Nelson, and Weiner (FNW), but
now without introducing any acceleronlike scalar fields. Although a formal similarity of the FNW
scenario with the variable CC one can be easily established, one nevertheless finds different laws
for neutrino mass variation in each scenario. We show that as long as the neutrino number density
dilutes canonically, only a very slow variation of the neutrino mass is possible. For neutrino masses
to vary significantly (as in the FNW scenario), a considerable deviation from the canonical dilution
of the neutrino number density is also needed. We note that the present ‘coincidence’ between the
dark energy density and the neutrino energy density can be obtained in our scenario even for static
neutrino masses.
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It is today firmly established experimentally that neutrinos have nonzero masses and
nontrivial mixings, thus pointing to the existence of physics beyond the standard model.
In addition, relic neutrinos in the universe, being the second most abundant particles in
the universe, also play an important role in measuring neutrino mass with cosmological
data, in setting bounds on nonstandard neutrino properties, and also in solving some of the
cosmological problems.
Another great discovery in recent years has been an observation of the accelerating rate
of expansion of the universe, usually attributed to some mysterious dark energy sector. The
existence of the dark energy sector, however, constitutes an immediate problem in the form
of today’s coincidences [1] towards the rest of the components in the universe: dark matter,
ordinary matter, radiation, and neutrinos. From the known behavior of the first three
components since big bang nucleosynthesis (BBN), one finds that any reasonable tracking
of these components by dark energy always goes at the expense of the late time transition
of its equation of state, thus creating a new problem called the ”why now?” problem. The
recent idea proposed by Fardon, Nelson and Weiner (FNW) [2] and developed later by
Kaplan, Nelson, and Weiner [3], and Peccei [4] was to circumvent these problems for relic
neutrinos (because the cosmological behavior of their energy density is much less known), by
tying together their sector with that of dark energy, in such a way that dark energy always
diluted at the same rate as the neutrino fluid. This was possible if the mass of the neutrino
was promoted to a dynamical quantity, being a function of the acceleron field (canonically
normalized scalar field similar to quintessence [5]). The main feature of the scenario [2] is
that although the number density of neutrinos dilutes canonically (∼ a−3), the masses of
neutrinos change almost inversely (∼ a−3ω), thereby promoting their energy density to an
almost undilutable substance. Hence relic neutrinos become tightly coupled to the original
dark energy fluid. If this can be kept for most of the history of the universe, the near
coincidence at present, ρΛ ∼ ρν , will cease to be perceptive as a coincidence at all.
For models with variable mass neutrinos prior to the proposal [2] see [6], and for those
who discussed neutrino mass in connection with dark energy, see [7]. Application of the
FNW proposal includes some studies on leptogenesis [8], solar neutrinos [9], and also on the
cosmo MSW effect [10].
In the present paper we show how the variable but “true” cosmological constant (CC),
with the equation of state (EOS) ωΛ ≡ pΛ/ρΛ being precisely -1, may give rise to scale-
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dependent neutrino masses, in the absence of any acceleronlike scalar fields. Throughout
the paper we always highlight those points in which our scenario differs from the FNW one.
Models with the variable CC which could successfully mimic quintessence models and may
also shed some light on the coincidence problem (between dark energy and dark matter),
have been put forward recently. Especially relevant are found those models where the CC-
variation law was inferred from some underlying physical theory: like particle physics theory
[11, 12], quantum gravity [13], or gravitational holography [14]. A review of phenomeno-
logical CC-variation laws considered before the discovery of dark energy, can be found in
[15]. The essential features of the cosmological evolution in variable CC cosmologies were
summarized in [16].
The continuous transfer of energy between the CC and the gas of relic neutrinos (and
vice versa, depending on the sign of the interaction term) can be conveniently modeled by
the generalized equation of continuity1
ρ˙Λ + ρ˙ν + 3Hρν(1 + ων) = 0 , (1)
where overdots denote time derivatives. The phase space distribution of relic neutrinos is
predicted to be given by the homogeneous and isotropic Fermi-Dirac distribution of the type
fν(p) =
1
exp
[
(p2+m′2ν )
1/2
−µν
T
]
+ 1
, (2)
with µν → −µν for antineutrinos. Notice that (2) is not an exact equilibrium distribution
because m
′
ν ≡ mνadec/a, where adec denotes the scale factor at the time of decoupling tdec. If
neutrinos are relativistic at decoupling (mν ≪ Tdec), notice that fν still retains its relativistic
form even for T ≪ mν , because it is m
′
ν (m
′
ν ≪ T ) and not mν that appears in (2). In
addition, large neutrino mixing revealed in neutrino oscillation experiments may serve to
conclude that chemical potentials for all neutrinos should be small [17]. Hence, m
′
ν and µν
in (2), along with the EOS ων for nonrelativistic neutrinos in (1), can be safely disregarded
for all practical purposes.
We see from (1) that the CC all the time decays to neutrinos (or vice versa), meaning
that the energy density of relic neutrinos, mνnν , no longer scales canonically ∼ a
−3. Here we
1 For the sake of simplicity, we restrict ourselves here to the case of one neutrino family as in [2]; the
generalization to three families of neutrinos is straightforward.
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make a specific anzatz for the energy transfer between the two components coupled through
(1), which leaves the number density of neutrinos to dilute canonically, but promotes the
mass of the neutrino to a running quantity, that is,
mν(a) = mν0a
α; nν(a) = nν0a
−3 , (3)
where α is a constant, the subscript ‘0’ denotes the present-day values and the present value
for the scale factor is set to 1. With the anzatz (3) in (1), one immediately arrives at
nν +
∂ρΛ
∂mν
= 0 , (4)
which is nothing but the assumption of stationarity of ρdark under changes in mν from
the FNW scenario [2]. We thus find that, in one aspect, the FNW scenario is equivalent
to the variable CC scenario.2 Notice further that when the interaction phrased by (1) is
quenched, i. e., when α → 0, the anzatz (3) still keeps neutrino masses nonzero. It is thus
implicitly implied that there exists at least one extra mechanism (besides that from the CC)
for generation of the neutrino mass. This is not so with the FNW proposal, and it is just
this feature which is shown below to be crucial in determining the law mν(a).
Using the anzatz (3) it is easy to obtain a solution for ρΛ in the form
ρΛ(a) =
α
3− α
ρν(a) + ρ
C
Λ , (5)
where ρν (and also ρΛ) now scales as ∼ a
−3+α. The integration constant ρCΛ is the IR limit
of the CC and represents the true ground state of the vacuum. Regarding Eq. (5), several
comments are in order. If α > 0, we are in the realm of decaying CC cosmologies (ρ˙Λ < 0),
whereas α < 0 means that the transfer of energy is from neutrinos to the CC (ρ˙Λ > 0). Since
the cosmic matter budget today consists of no more than 5% of massive neutrinos [18], one
concludes for the α > 0 case that ρCΛ should always be nonzero (and positive), unless α is
fine-tuned to be very close to 3 (such large values of α are yet excluded, see below). On
the other hand, for α < 0, the first term in (5) is negative, and hence also the large and
positive ρCΛ is required. These considerations automatically show that the CC-variation law
2 The same conclusion was obtained in [4] but from considerations which demanded to move away from
the nonrelativistic limit. Here we show that the stationarity condition for nonrelativistic neutrinos (4)
is a trivial consequence of the continuity relation (1), as long as the number density of neutrinos scales
canonically.
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obtained from gravitational holography [14] is not able to underpin the present scenario as
there ρCΛ always vanishes. In addition, we have assumed that dark matter and neutrinos
are tightly coupled but also that there is no interaction between dark energy and baryons
(or other components), which means that the Equivalence Principle is violated. Since the
interaction between dark energy and neutrinos is controlled by the parameter α, it is also
a measure of violation of the Equivalence Principle. Next, we adapt the framework of the
effective EOS for the variable CC term (5), in order to obtain the law mν(a).
The effective EOS for the variable CC whose interaction is phrased by (1) can be defined
similarly as in [19]
ωeffdark = −1 +
1
3
d ln δH2(z)
d ln (1 + z)
, (6)
where 1 + z = a−1. Here any modification of the standard Hubble parameter H is encapsu-
lated in the term δH2 (including ρCΛ). One finally obtains
ωeffdark = −1 +
(1 + z)3−α − (1 + z)3(
3
3−α
)
(1 + z)3−α − (1 + z)3 + ρCΛ/ρν0
. (7)
From (7) one can infer the law mν(a) by demanding that ω
eff
Λ should not change signifi-
cantly with z. Since ρCΛ/ρν0 can be quite large, >∼ 15, one shows that, for instance, with
dωeffdark/dz|z=0 ≃ 0.05, Eq. (7) can even sustain values for α as large as >∼ 1. However,
such large values for α would spoil the tracking behavior at earlier times when the constant
term in the denominator of (7) ceased to be dominant, and therefore the only acceptable
values are α ≪ 1. Hence, on cosmological scales, neutrinos show very slow mass variation.
Regarding (7), one should not be bothered much by the fact that for α > 0, the effective
EOS is less than −1, since it is well known that arguments leading to the Big Rip singularity
no longer apply to variable CC models [16, 19].
We have seen that although with the anzatz (3) our scenario resembles the FNW one in
that both share the same equation (4) (connecting dark energy and neutrinos), nonetheless
neutrino mass scales quite differently in each scenario. To obtain sizable scaling of mν(a),
one has to enlarge the anzatz (3) to include the noncanonical scaling of nν as well. We
therefore write
mν(a) = mν0a
α; nν(a) = nν0a
−3+β , (8)
where β is a constant. Although, in this case, (4) no longer applies, one can easily check
that the effective EOS is still given by (7), but now with the replacement α → α + β. The
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requirement that ωeffΛ should not vary significantly with z is now obeyed if α+ β ≈ 0. This
has strong implications for the scaling of mν(a). One sees that, practically, any law for
mν(a) can be underpinned by (7) if the transfer of energy between the two components is
always two-way. For instance, if α ≃ 3 (as in the FNW scenario), one needs β ≃ −3. This
means that the CC decays into neutrinos by changing their mass, but simultaneously the
neutrino component decays (practically by the same amount) into the CC, thereby changing
nν from its canonical shape.
Finally, we would like to mention that the variable CC model [12] is completely able to
underpin the present scenario. It is a decaying CC model with α + β > 0. The model is
based on the renormalization-group (RG) evolution for ρΛ, and on the choice for the RG
scale µ = H . It can be shown that a canonical value for α+β is (4pi)−1 ≪ 1. In addition, the
CC-variation law, dρΛ/dz ∝ dH
2/dz, is a derivative one, thus having a natural appearance
of a nonzero ρCΛ .
We would like to conclude with a few additional comments. It is interesting to note that
even for static neutrino masses α = 0, the ‘coincidence’ ρΛ ∼ ρν is still maintained if β 6= 0
[simply replace α → β in (5)]. In addition, the energy density of neutrinos scale almost
canonically in the present scenario (α + β ≈ 0), in strong contrast with the FNW scenario
where the neutrino gas is promoted to an almost undilutable fluid. This is related to a nice
feature that ρΛ, as a solution of (1), always tracks ρν , even for small α+ β [cf. (5) with the
replacement α → α + β]. We are aware that the assumptions (3) and (8) are not the most
general ones, but also feel that they certainly cover a large number of interesting cases. We
have thus demonstrated how variable CC models may naturally explain the ‘coincidence’
between dark energy and neutrinos, with both neutrino mass changing with the expansion
of the universe and without such changing. Both slow and quick neutrino mass changing
can be naturally implemented in our model.
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